1.1 Absolute distance and interaction force measurements The absolute distance between two opposing surfaces is measured by multiple beam interferometry 8 , which also provides the quantitative shapes of the surfaces. Back-silvered thickness 50 nm and freshly cleaved muscovite mica thickness 2-5 μm is generally used as substrate, which is molecularly smooth RMS roughness 0.04 nm . Two back-silvered mica substrates are glued onto two cylindrical-shaped sapphire disks and mounted in the SFA chamber in a cross-cylinder geometry, which is mathematically equivalent to a sphere on a flat geometry. When the white light passes through the mounted surfaces, the silver layers of opposing surfaces act as an optical trap, providing an interference pattern known as fringes at equal chromatic order FECO . By analyzing the FECO, absolute distance between mica surfaces can be measured with the resolution of a sub-angstrom Fig. 1 . The interaction forces between two opposing surfaces are measured by the deflection of the double cantilever spring with a spring constant of k, which is attached to the lower disk mount. The deflection of the spring ΔD is measured by analyzing the FECO, and by applying Hooke s law F kΔD the interaction forces could be calculated. Consequently, the force resolution is highly related to the spring constant and the distance resolution, which is currently about a few nano-Newtons.
Measured distance and interaction forces between two surfaces of interest are plotted to generate a force-distance F-D curve to obtain various information, such as steric hard wall, adhesion force, and repulsive force Fig. 1c . The F-D curve can be fitted to various theories e.g., Derjaguin-Landau-Verwey-Overbeek DLVO , Alexander-de Gennes polymer theory in order to investigate the types and magnitudes of engaging interaction forces.
SFA experiment set-up for measuring interaction
forces between lipid bilayers Recent technical improvements have advanced the field of membrane science 9, 10 , however, in terms of measuring intermembrane forces, atomic force microscopy AFM is one of the most used force spectroscopic techniques 11 .
AFM indeed is a powerful technique that can simultaneously image the morphology of a membrane and measure forces, however, it has several limitations. Due to the distance measuring methodology of AFM, only relative distance between lipid bilayers can be measured by setting steric hard wall as zero distance. Consequently, it is difficult to accurately measure the thickness of the lipid membranes, which is critical to decide the planes of origin of various interaction forces. Moreover, due to the rough nature of the probing tip, it is difficult to theoretically analyze the measured F-D curve correctly. Thus, an SFA, which measures the absolute distance between molecularly smooth mica surfaces, can be very advantageous for intermembrane force measurements.
Measuring interaction forces between lipid bilayers using an SFA is more subtle compared to other typical SFA experiments due to the high fragility of lipid bilayers when exposed to air or compression. Moreover, lipid molecules can slowly diffuse out to an aqueous environment, which can result in depletion of lipid molecules and form a thinner outer monolayer or even membrane holes. In order to overcome these complications of lipid bilayer SFA experiments, special tools and methods for bilayer preparation and transfer have been developed over the years.
In order to deposit lipid bilayers onto mica, two different methods are mainly used: i Langmuir-Blodgett LB deposition 12, 13 and ii spontaneous self-assembly 14, 15 . For LB deposition, a special type of disk holder also known as a dove-tail disk holder is used Fig. 2a . Dove-tail disk holder can be easily held with a cross-type, self-locking tweezer that is punched with small screws at the tips Fig.  2b, 2c . A dove-tail disk or disk holding tweezer is controlled by the dipper of the LB trough Fig. 2d . After the deposition of lipid bilayers, dove-tail disks are kept inside small glass petri dishes prefilled with buffer solution to avoid air exposure Fig. 2e . The disks kept in petri dishes are transferred into the SFA chamber, which is also prefilled with buffer solution. Using this transfer method, LBdeposited lipid bilayers are kept under the buffer at all times, which is necessary for the integrity of the bilayers structures. Furthermore, buffer solution can be saturated with lipids to avoid slow diffusion of lipid molecules from bilayers to the bulk buffer solution. The advantages of LB deposition compared to the spontaneous self-assembly method are as follows: i asymmetric bilayers can be easily deposited, ii almost any type of lipid can be used while anionic lipids or surfactants cannot be used with the spon- taneous self-assembly method, and iii the molecular area of lipid molecules can be controlled, which determines the phase of the lipid bilayers. After mounting two lipid bilayers in a buffer-filled SFA chamber, molecules of interest can be injected to the chamber, which can mediate/tune the interaction forces between bilayers. These molecules include proteins, polysaccharides, polymers, ions, and so on. Also, during the second lipid layer deposition process, a desired quantity of molecule-conjugated lipids can be used, which makes lipid bilayers become covalently bound molecules on their headgroups. The surface density of the molecules can be controlled by simply tuning the ratio between the pristine lipids and molecule-conjugated lipids. Specific examples of these studies will be mentioned further in a later section of this review.
Interaction forces between lipid bilayers
Accurately measuring interaction forces and properly analyzing them could reveal the fundamental interactive forces during cell adhesion and membrane fusion, which has been of great interest since the 1980s. Early studies of interaction forces measurement between lipid bilayers using the SFA 16 19 identified that three types of forces dominate the full interbilayer force laws: i attractive van der Waals, ii repulsive electrostatic double-layer , and iii short range repulsive hydration.
The van der Waals vdW interaction
The vdW interaction is a universal force, such as gravitational force, that acts between all atoms and molecules, even totally neutral molecules such as hydrocarbons. The vdW interaction arises from the fluctuation in the electric dipole moments of molecules, which varies with the inverse sixth power of the distance, r:
where C vdw is a constant that depends on the optical properties of interacting atoms. The vdW interaction between macroscopic bodies is longer ranged and generally described by the Hamaker constant, A. Specifically, for SFA experiments where two cross-cylindrical surfaces are typically used, vdW interaction energy follows following the relation:
where R is the radius of the cylinder and D is the distance between the cylinders. The vdW interaction energy between a lipid bilayer and a liposome flat-sphere or between liposomes sphere-sphere also follows 1/D dependence. The Hamaker constant, A, of two bodies 1 and 2 interacting in a medium 3 can be expressed by the Lifshitzs theory 20 :
Photographs of a a dovetail disk holder, b a cross tweezer for dovetail disk holder, c a cross tweezer holding the dovetail disk holder, d a dipper of Langmuir Blodgett LB trough holding the dovetail disk holder for lipid bilayer deposition, and e a small petri dish filled with buffer used for carrying lipid bilayer deposited disk without exposing lipid bilayer to air.
where ν e is the electronic absorption frequency, and ε x and n x are the dielectric constants and the refractive indices for media x, respectively. Marra and Israelachvili 17 were able to measure the full force laws between various types of lipid bilayers. By fitting the F-D curve to DLVO theory, which includes vdW and electrostatic double layer DL forces, they found that the Hamaker constant A falls within the range A 7.5 1.5 10 21 J, for supported lipid bilayers in water, which decreases to about A ≈ 5 10 21 J in physiological salt concentrations at distances beyond Debye length, due to the electrostatic screening of the zero-frequency contribution by electrolyte ions. Also, at separation distances beyond 15 nm, the dispersion contribution of the vdW force is known to be retarded, which makes the vdW force too weak to be important. Furthermore, the van der Waals plane of origin was found to be on average 0.5 nm away from the anhydrous headgroup configuration Fig. 3 .
Electrostatic Double-Layer DL force
The electrostatic DL force is strong, long ranged, and always exists between two macromolecules or surfaces in aqueous solutions as long as they are charged. In most cases, biological surfaces, molecules, and molecular groups are charged because they are inclined to be ionized in an aqueous environment. The electrostatic interaction energy between two similarly charged surfaces can be expressed by the following equation, which is an exponentially decaying function:
where C ES is a constant that depends on the surface charge density, solution conditions, and the geometry of the interacting surfaces. The constant C ES can be calculated by using the Poisson Boltzmann equation and/or other theories 21 27 . The Debye length κ 1 , which is the characteristic decay length of the interaction, only depends on the solution conditions:
where ρ i is the number density of ions of valency z i in the bulk solution, ε is the dielectric constant of media, ε 0 is the vacuum permittivity, and e is the electronic charge. In physiological conditions, Debye length is approximately 0.8 nm.
For SFA experiments that use two surfaces in cross-cylindrical geometry, electric DL interaction energy between two similar surfaces can be written as:
where R is the radius of the cylinders and Z is a constant that can be expressed as functions of surface potential, ψ 0 :
Among the early works of measuring DLVO forces between lipid bilayers, Marra measured electrostatic DL forces between two charged lipid bilayers dipalmitolphosphatidyl glycerol, DPPG in various salt types and concentrations 19 Fig. 4 . This work showed that the interaction force law between lipid bilayers follows DLVO theory in buffer with monovalent counter-ions, whereas in buffer with divalent counter-ions induces higher adhesion at shorter ranges compared to the value predicted from vdW. This effect was attributed to the combination of ion-cor- 31 , steric hydration forces between lipid bilayers are strongly repulsive short-ranged 1-3 nm forces that dominate over the vdW and electric DL forces at small separation distances. Due to their shortranged nature, which decays exponentially with a decay length 0.2 nm close to the size of a water molecule, steric hydration forces were considered to have originated from water structuring. However, it was found that these forces become stronger as temperature increases, which is opposite from what is expected because the water structure is considered to be more disordered at higher temperatures. Further studies revealed that the steric hydration forces have entropic origin 32 34 , which arises from surface groups overlapping in a liquid Fig. 5 . Consequently, the steric hydration forces are determined by two factors in lipid bilayers: i the degree of lipid molecule protrusion from the lipid bilayer surfaces i.e., the protrusion force and ii the hydrated size of the lipid headgroups i.e., the headgroup overlap force . These two forces are highly affected by the degrees of headgroup hydration and hydrophilicity of lipid/water interface. The hydration of the lipid headgroups can occur by their intrinsic hydrophilicity and/or induced hydrophilicity upon ion binding, so called charge regulation.
In more recent research on the hydration forces using an SFA, Schrader et al. 35 showed that the steric hydration forces between dipalmitoylphosphatidylcholine DPPC bilayers can be reduced by adding Dimethyl sulfoxide DMSO , which not only decreases the hydrated volume of the lipid headgroups but also suppresses the headgroups thermal motion by collapsing them onto the surface. This work fitted Alexander-de Gennes brush theory to the full F-D curve by treating headgroups as brushes, and the results show that as the DMSO concentration increases the brush length decreases. Above 10 DMSO concentration, brush theory could not be applied, and this is an indication of headgroup collapse Fig. 6 . 
Undulation forces
The long-range undulation force arises from long wavelength thermal ripples of lipid bilayers. When the separation distance between two lipid bilayers becomes small even smaller than the amplitude of the thermal ripples , the lipid membranes become confined, which reduces the entropy of the system, resulting in a repulsive force. The undulation force is mainly dominated by the bending modulus of the lipid bilayers, which is mostly affected by the phase of the lipid bilayers. The phase of the lipid bilayers depends on the length of hydrocarbons, degree of saturation, headgroup types, and undoubtedly the temperature. Helfrich and coworkers 36, 37 showed that the undulation force can be expressed by the following equation: 
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where K b is the bending modulus of bilayers and D is the mean distance between bilayers. The undulation force in only significant when the lipid bilayers are free and unstressed. But in typical SFA experiments, lipid bilayers are supported on mica surfaces that suppress thermal undulation forces. Meanwhile, Seitz et al. 38 , deposited bilayers on a polymer cushion rather than a solid mica surface, which indeed increased the magnitude of thermal undulation forces Fig. 7 .
Attractive hydrophobic interaction and hemifusion of lipid membranes
The hydrophobic force is an entropically originated attractive force that has been known to be stronger than vdW forces. Even though the origin, range, decay length, and the full potential function are still not fully understood, there is no doubt that hydrophobic interaction is one of the most important interactions in biological systems. It is mainly responsible for biomolecular interaction, membrane fusion, protein folding, and so on. Specifically, the self-assembly of lipids to lipid bilayers is also highly dominated by hydrophobic interaction between hydrocarbon tails.
When bilayers are free unstressed , the hydrophilic headgroups shield the hydrophobic interior packed with hydrocarbons, screening the hydrophobic interaction between two bilayers. However, when the bilayers are subjected to tensile stress, normal compression, or depletion, a fraction of the exposed area of the hydrophobic interior increases compared to the hydrophilic headgroup area. Exposure of the hydrophobic interior enables the bilayers to interact via hydrophobic interaction, which is strong enough to make two lipid bilayers hemifuse upon approach and/or compression Fig. 8 .
Using the SFA, many studies have measured hemifusion of mica-or polymer-supported lipid bilayers as functions of temperature 39 , lipid phase and composition 39 41 , calcium ion concentration 40, 42 , and external pressure 4 . In all cases, the core cause of the hemifusion narrows down to whether the hydrophobic interior is sufficiently exposed to the aqueous environment. Moreover, the initial break point during hemifusion was observed with FECO, and if the bilayers are adhesive and exhibit Johnson-Kendall-Roberts JKR contact, then they seem to break from the edges of the lipid bilayers, whereas repulsive bilayers with Hertzian contact seem to fuse from the center where the pressure is the highest Fig. 9 .
The recent work by Donaldson et al. 43 developed a general hydrophobic interaction potential for lipid bilayers that accounts for the deformation of the lipid monolayer upon compression. The overall model, which includes the DLVO, steric hydration, and hydrophobic interaction, successfully predicted the hemifusion event of azobenzene trimethylammonium bromide azoTAB bilayers Fig. 10 . The equation includes variables and parameters such as hydrophobic decay length D hydro ≈ 1 nm , distance between bilayers d , unstressed molecular area a 0 , molecular area a , and interfacial tension γ :
Very recently, using an SFA that was attached with fluorescence microscopy, interaction forces between lipid bilayers were measured during the membrane hemifusion event with simultaneous fluorescence imaging Fig. 11 . The hemifusion started at the contact where liquid-disordered L d phases of bilayers overlapped, which is the weakest point exposing the highest fraction of hydrophobic interior. Also, high compressive pressure accelerated the hemifusion process because of the increased fraction of exposed hydrophobic interior.
Fig. 8 Interaction forces measured between unstressed
and partially stressed bilayers. Hydrocarbon chains are effectively shielded from aqueous phase in unstressed bilayers, whereas those of the stressed bilayers expose additional unshielded hydrophobic groups, which results in additional hydrophobic interaction in addition to vdW interaction. Adapted and modified from Israelachvili, 2001 20 . Fig. 9 The optical fringe patterns of two bilayers. The shapes of these fringes at equal chromatic order FECO show that there can be two separate scenarios during membrane hemifusion: i non-adhesive contact case where hemifusion starts from center of the contact, and ii adhesive contact case where hemifusion starts from the edge of the contact. Adapted and modified from Helm et al., 1992 41 .
Interbilayer interactions mediated by other molecules
Interbilayer interactions can be mediated by other molecules located between or within bilayers, such as membrane proteins, polymers, and so on. In various SFA experiments, a wide range of molecules was injected between or grafted to the lipid bilayers to investigate how these molecules modulated intermembrane interaction potential.
Biomolecule bridging
Membrane proteins can bridge two lipid bilayers generally by electrostatic, vdW, and hydrophobic interactions. One of the most extensively studied membrane proteins using the SFA is myelin basic protein MBP , which is known to act as a protein glue bridging lipid bilayers together in a tissue called myelin. Various SFA studies have examined the role of MBP 44 46 and lipid composition 40, 46 on the intermembrane forces, because low intermembrane adhesion may cause disruption of myelin structure leading to a disease known as multiple sclerosis MS . It was found that with an optimum amount of MBP between bilayers, the intermembrane adhesion is enhanced, which is important for the integrity of myelin structure 44 46 . Also, lipid compositions are highly responsible for the formation of lipid rafts 47, 48 , which can control the adsorption of MBP onto the bilayers Fig. 12 , where normal healthy myelin exhibited higher adhesion and more compact MBP layers compared to those of experimental allergic encephalomyelitis EAE; an animal model for MS myelin 46 .
Lipid bilayers can also be used as templates for measuring interactions between biomolecules. Helm et al. 49 measured biotin-streptavidin interaction by using biotin-conjugated lipid molecules. The biotin-conjugated lipids were mixed with normal lipids at a desired ration during LB deposition of lipid bilayers. Streptavidin solution was injected between two biotin-conjugated bilayers to directly measure the ligand-receptor interaction forces, which was found to be a very strong and very short-range 1 nm attractive force Fig. 13 . 
Polymer-mediated interactions
Many studies have reported interaction forces between bilayers mediated by poly ethylene glycol PEG , which is reported as a biocompatible polymer. Kuhl et al. 50, 51 reported that PEG usually does not adsorb to bilayer surfaces and acts as a depletant, resulting in depletion attraction between lipid bilayers. However, the low molecular weight of PEG MW 1 kDa is too small to generate a noticeable effective depletion layer. Also, high MW PEG 20 kDa adsorbs to bilayer surfaces, resulting in steric repulsion rather than depletion. Thus, proper MW and concentrations of PEG should be used to trigger depletion interaction between bilayers, which can induce fusion. Rather than using free PEG molecules, Kuhl et al. 52 used PEG-conjugated lipid molecules when making lipid bilayers. The surface density of PEG can be controlled by mixing PEG-conjugated lipids with normal lipids in a desired ratio. At low PEG surface density 1.3 , a nonoverlapping mushroom type interaction force was mea- sured, whereas at high PEG surface density 9.0 , strongly repulsive brush type interaction was observed Fig. 14 . Banquy et al. 53 measured interactions between two lipid bilayers mediated by Pluronic polymers poly PEG/poly propylene oxide PPO /PEG block copolymer as a function of polymer concentration. Below the critical aggregate concentration, Pluronics polymers adsorb to lipid bilayers causing the dominant interaction to be steric repulsion. Above the critical aggregate concentration, the onset of interaction forces increases significantly. Moreover, F127, which possesses a larger PPO block compared to F68, exhibits stronger binding to lipid membranes by the partial penetration of the PPO block into the bilayers, which is manifested by a thick gel-like layer formation.
Concluding remarks
Using an SFA is a powerful technique for measuring the interaction forces and absolute distance between two macroscopic surfaces. Due to its fine distance and force resolutions, the SFA technique was used to resolve different types of forces between lipid bilayers, including non-specific interactions such as vdW, electrostatic DL, steric hydration, thermal undulation, and hydrophobic interactions, as well as specific interactions such as ligand-receptor binding. Even though the technique is excellent for studying fundamentals of intermembrane interactions, mimicry of real cells still remains a challenge due to its i solid supported characteristics, ii difficulties in mimicking proteinincorporated membrane structures transmembrane proteins , and iii discrepancies in the radius of curvature. However, with clever strategies e.g., soft polymer cushion below lipid bilayers, high curvature disks, and spontaneous self-assembly of transmembrane protein reconstituted liposome , the SFA technique will be able to measure intermembrane forces that can closely represent the interaction forces of naturally occurring liposomes and cells. Moreover, using the recently developed fluorescence microscope attachment, simultaneous imaging of lipid phases and/or other molecules e.g., membrane proteins is possible during the approach/retraction cycle of two lipid bilayers. These experiments will unambiguously reveal the cooperative role of lipid phases and membrane proteins during cell/ liposome adhesion and fusion.
